The infrared-and Raman-active vibrational modes of C 60 were measured in the various structural states of Rb 1 C 60 . According to earlier studies, Rb 1 C 60 has an f cc structure at temperatures above ∼ 100 • C, a linear chain polymer orthorhombic structure when slowly cooled, and an as yet undetermined structure when very rapidly cooled ("quenched"). We show that the spectra obtained in the polymer state are consistent with each C 60 molecule having bonds to two diametrically opposite neighbors. In the quenched state, we find evidence for further symmetry breaking, implying a lower symmetry structure than the polymer state. The spectroscopic data of the quenched phase are shown to be consistent with Rb 2 (C 60 ) 2 , a dimerization of C 60 .
A 1 C 60 was not discovered 1 until well after the other phases of alkali intercalated C 60
were known, and it was found to undergo a number of structural and electronic phase transitions. [1] [2] [3] [4] [5] [6] [7] [8] The existence of a phase consisting of linear polymer chains, 8 which is stable in air, 9, 10 has stimulated recent interest in this material and could help in developing applications for alkali-doped fullerenes.
At high temperatures ( > ∼ 100
• C), Rb 1 C 60 has an f cc rocksalt structure 4 and is electrically conducting. 2, 3, 5, 6 When slowly cooled, the specimen undergoes a first-order phase transition to an orthorhombic phase, 7 forming linear chains of C 60 molecules along the a direction (the face-diagonal direction of the f cc phase). 8 These chains have been proposed to be [2 + 2] cycloaddition C 60 polymers. 11 When Rb 1 C 60 samples are cooled extremely rapidly from the f cc phase to below ∼ 0 • C a metastable phase is produced. 3, 6 This "quenched" phase is insulating 6 and relaxes back to the stable polymer chain phase, with a strongly temperature dependent timescale. 3, 6 Dimers forming from [2 + 2] cycloaddition or a single bond between two free radical C 60 molecules have been suggested as a possible structure. 12 To date, x-ray scattering structural studies of this phase are still incomplete. 13 Vibrational spectroscopy, however, can help determine the symmetry of the C 60 molecules in this quenched phase by observing which vibrational modes are infrared-(IR) or Raman-active.
In this communication we show, for the first time, that the IR and Raman vibrational spectra of the slowly cooled and quenched states are indeed consistent with polymerized and dimerized C 60 structures, respectively. Using this C 60 dimer picture, we are able to show that many of the characteristic properties of this phase are understood.
The C 60 films used for the present study were evaporated and doped in vacuum-sealed pyrex sample chambers described in detail previously. 14 Si substrates were utilized for the IR measurements, and MgO substrates were used for the Raman measurements. During doping, IR spectra obtained in situ were used to monitor the stoichiometry of all samples by measuring the position of the F 1u (4) vibrational mode. 15, 16 Once Rb x C 60 samples with the majority phase x = 1 were produced, the alkali appendages were removed from the pyrex chambers, leaving permanently sealed chambers of essentially known stoichiometry. spectrometer and ratioed to spectra of the empty sample chamber at the same temperature.
Raman spectroscopy was performed using the 514.5nm Ar + laser line and a Dilor XY triple monochromator with a CCD detector at a resolution of ∼ 5cm −1 ; care was taken to use low laser powers and to monitor the A g (2) mode when the sample was in a temperature range where photoinduced effects (photopolymerization or photoexcitation) of C 60 have been observed 17 (the Raman-active A g (2) mode shifts when C 60 becomes photopolymerized or photoexcited).
The IR transmission spectra obtained for all structures are presented in Figure 1 . The f cc data (lowest curve) reveal only the four F 1u -derived vibrational modes, as labeled. The given sample, this scaling allows meaningful visual comparisons of the modes seen in each phase.
We present the Raman spectra for all three states in Figure 2 . The bottom panel shows the f cc phase spectrum with the ten known Raman vibrational modes of C 60 labeled; these appear unchanged from the pure C 60 vibrations (while the sample is known to be majority vibrations to become IR-active and similarly all the gerade (symmetric) modes to become Raman-active. Thus, the number of IR-and Raman-active modes will be greatly increased over fullerene compounds with no C 60 -C 60 bonds (such as the f cc phase of Rb 1 C 60 ).
In agreement with this prediction, the Rb 1 C 60 polymer IR spectrum in Figure 1 2) also reveals many newly Raman-active vibrations which must be gerade modes. Since the parity of these modes is determined, these results can help to sort out the symmetries of IRand Raman-forbidden vibrational modes of pure C 60 seen in previous measurements.
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In the polymer state, in addition to the appearance of these new modes, the F 1u (3) mode at 1182cm −1 splits into two modes at 1183 and 1197cm −1 , and the F 1u (4) mode at 1395cm −1 splits into modes at 1388 and 1407cm −1 . These splittings are expected since vibrational motion along the polymer chain direction is perturbed much more than motion perpendicular to the chains. The F 1u vibrations are three-fold degenerate with motions along the translational axes (x, y, and z); polymerization breaks this degeneracy and a split mode is observed. An alternate explanation for these splittings has been offered by Pederson and Quong 21 : a mixing occurs between the z-rows of the nearly degenerate G u (6) and F 1u (4) states, creating a perturbed IR-active mode, and similarly the F 1u (3) state mixes with the F 2u (4) and H u (5) modes of their theoretical model. Either explanation is consistent with both the existence of the polymer state and the spectroscopic data.
Turning to the IR and Raman spectra of the quenched phase (top curves of Fig. 1 and Fig. 2, respectively) , we note a number of differences relative to the polymer phase.
First, many more vibrational absorptions are seen to have become IR-active (at least 25 in addition to the four F 1u -derived modes, as compared to 12 new modes in the polymer state).
Similarly, the Raman spectrum of this quenched state shows several more vibrational modes than are observed in the polymer state. Second, the F 1u (3) and F 1u (4) vibrational modes are again observed to split, but less than in the polymer case: the splittings are 9cm −1 for the We compare our data to modes expected in the proposed quenched state structure 12 composed of C 60 dimers, Rb 2 (C 60 ) 2 . A simple sketch of two fullerene molecules in such a dimerized state is shown in the inset to the top panel of Figure 2 . The exact type of bond between the two C 60 balls will have to be determined by further structural measurements.
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The sketch in Fig. 2 To test this prediction, above Figure 1 we have placed vertical lines at the positions of the Raman-active A g and H g modes of pure C 60 which fall within our measurement range.
Previous measurements have shown that most vibrational modes of C 60 soften upon doping with alkali metals. 22, 15, 23, 16 We indeed observe modes in the IR spectra of the quenched phase that are not IR-active in the polymer phase at energies just below the ideal A g and H g energies, in agreement with Raman studies of A 1 C 60 22 (although it is unclear which state of Rb 1 C 60 was measured in that study). Likewise, F 1u modes appear in the Raman spectrum of the quenched phase (top curve of Fig. 2 at 527, 566cm −1 ) but not in the polymer state Raman spectrum. These observations strongly suggest that the center of inversion symmetry is broken in the quenched state, in agreement with the dimerization picture. This allows us to assign all modes observed in the IR spectra of the quenched state that are not also in the polymer state as being derived from gerade symmetry C 60 modes. Likewise, the modes in the Raman spectra which are seen in the quenched phase and not in the polymer phase have ungerade symmetry.
The dimer picture is in qualitative agreement with the smaller observed splittings of the F 1u (3) and F 1u (4) modes. Since each fullerene is altered only on one side when dimerized, as opposed to two sides when polymerized, the perturbation to the C 60 eigenmodes will be smaller. The insulating nature of this quenched state can also be understood to be due to dimerization. The LUMO (lowest unoccupied molecular orbital) in the uncharged dimer is derived from a splitting of the triply degenerate t 1u electronic orbital of pure C 60 into a singly degenerate lowest unoccupied orbital and higher energy orbitals. The two electrons donated by the two Rb atoms per dimer fill this lowest orbital and a true band insulator 
